Although China has established more than 600 wetland nature reserves, conservation gaps still exist for many species, especially for freshwater fishes. Underlying this problem is the fact that top-level planning is missing in the construction of nature reserves. To promote the development of nature reserves for fishes, this study took the middle and lower reaches of the Yangtze River basin (MLYRB) as an example to carry out top-level reserve network planning for fishes using approaches of systematic conservation planning. Typical fish species living in freshwater habitats were defined and considered in the planning. Based on sample data collected from large quantities of literatures, continuous distribution patterns of 142 fishes were obtained with species distribution modeling and subsequent processing, and the distributions of another eleven species were artificially designated. With the distribution pattern of species, Marxan was used to carry out conservation planning. To obtain ideal solutions with representativeness, persistence, and efficiency, parameters were set with careful consideration regarding existing wetland reserves, human disturbances, hydrological connectivity, and representation targets of species. Marxan produced the selection frequency of planning units (PUs) and a best solution. Selection frequency indicates the relative protection importance of a PU. The best solution is a representative of ideal fish reserve networks. Both of the PUs with high selection frequency and those in the best solution have low proportions included in existing wetland nature reserves, suggesting that there are significant conservation gaps for fish species in MLYRB. The best solution could serve as a reference for establishing a fish reserve network in the MLYRB. There is great flexibility for replacing selected PUs in the solution, and such flexibility facilitates the implementation of the solution in reality in case of unexpected obstacles. Further, we suggested adopting a freshwater management framework in the implementation of such solution.
INTRODUCTION
China has established more than 600 wetland nature reserves, of which the total planned area is over 440,000 km 2 and most are freshwater nature reserves . Those nature reserves play important roles in protecting freshwater wetland ecosystem and biodiversity. With the aid of freshwater nature reserves, some endangered species are maintained, such as Alligator sinensis and Nipponia Nippon, whose populations are kept from dwindling in nature reserves (Ding and Li, 2006; Wang et al., 2010) . Some wetland ecosystems are rehabilitated within wetland nature reserves, such as Honghu Lake wetlands, where the grass coverage increased from 40% to 80% through five years of rehabilitation (Wen and Li, 2010) .
The above achievements could be attributed to protection measures for rescue of endangered wildlife and the rehabilitation of habitats within individual nature reserves. In gen-eral, however, freshwater wildlife is still declining due to the continuing disturbance of human activities. Taking the middle and lower reaches of the Yangtze River basin (MLYRB) for example, the numbers of commercial fish populations is significantly decreasing (Cao, 2009; Fu et al., 2003; Yang et al., 2007) . Even for those endangered animals that are well protected in nature reserves, such as Alligator sinensis and Neophocaena phocaenoides, their populations in the wild are also declining due to the destruction of their habitat (Shao, 2004; Yang et al., 2007) . Underlying this problem is the fact that in the primary stage of constructing nature reserves in China, such nature reserves would focus on protection measures for rescue while omitting top-level planning for the spatial layout of nature reserve networks. Without scientific top-level planning, conservation gaps for many species and ecosystems might exist in whole nature reserve networks (Liu et al., 2003) , including wetland (freshwater) nature reserve networks (Huang and Chen, 2012b) . Therefore, from the perspective of developing wetland nature reserves, scientifically establishing a freshwater nature reserve network is a step in the right direction.
Furthermore, nature reserves specially established for freshwater fish conservation is not enough. According to a rough estimate, only 30 out of over 600 wetland nature reserves (less than 5%) across the country regard freshwater fishes as the main object of protection, which obviously could not meet the protection needs of freshwater fishes as they are the main groups of freshwater taxa. In essence, this also results from the absence of top-level planning for wetland nature reserves. Therefore, establishing fish reserves should be promoted and strengthened in the future, and scientifically building a fish reserve network should certainly be an approach worthy of priority consideration.
Systematic conservation planning (SCP) is an important methodology for designing a regional reserve network (Margules and Sarkar, 2007; Margules and Pressey, 2000) , which is aimed at designing a reserve network that meets representativeness and persistence (the former meaning biodiversity as a whole should be represented in the protected area network (Austin and Margules, 1986) , and the latter meaning the network should ensure the long-term survival of species and the maintenance of natural processes by excluding threats (Soulé, 1987) ). Some scientists put forward another set of objectives backed by the same meaning, namely comprehensiveness, adequacy, and representativeness (CAR) (Linke et al., 2011; Possingham et al., 2006) . Efficiency is also highlighted in SCP, which means to minimize the cost of reserve construction on the basis of achieving representativeness and persistence (Kirkpatrick, 1983; Possingham et al., 2006; Sarkar et al., 2006; Vanewright et al., 1991) . Currently, different types of software for SCP is developed and widely used, such as Marxan (Game and Grantham, 2008) and C-plan (Pressey et al., 2009) , and conservation planning using this methodology has been applied in various parts of the world (Cowling and Pressey, 2003; Rondinini and Pressey, 2007; Smith et al., 2006; Zhang et al., 2010) .
The Yangtze River is the third largest river in the world and the largest river in China. The range of the middle and lower reaches starts from Yichang and ends at Shanghai, where the river empties into the East China Sea. The MLYRB consists of plains and hilly surrounding areas, with a total area of about 0.77 million km 2 . This region is intertwined with a complex freshwater ecosystem, which is characterized by the main stream of the Yangtze River and densely covered tributaries and lakes . Due to rich wetland resources and vast waters, the wetlands in the MLYRB have a high diversity of fishes. However, the survival of such fishes in the MLYRB has been greatly disturbed by humans. Over the course of history, cultivation has reduced living spaces of freshwater fishes. During the past four decades, hydrological changes, such as dam construction across rivers, disconnection between rivers and lakes by sluices, and intensification of point and non-point source pollution, have directly threatened the survival of freshwater fishes in the MLYRB (Chen et al., 1997; Dudgeon, 2010; Huang and Chen, 2010; Yang et al., 2007) . Because of the high urgency of fish conservation in MLYRB, we chose this region as an example to carry out fish conservation planning by systematic approaches, as well as to provide reference for future development of fish reserve network in this region.
In this study, MLYRB was divided into 2,321 planning units (PUs) with a mean area of 315 km 2 based on practicality. We collected spatial distribution information of fish species through an extensive literature investigation, and gained distribution data of each species through species distribution modeling (SDM) with Maxent (Phillips et al., 2006 (Phillips et al., , 2004 and subsequent processing. In a Marxan analysis, representativeness, persistence, and efficiency were considered by using available input data and setting appropriate parameters. Two results were finally obtained: the selection frequency of each PU in 100 Marxan runs and the best solution of the 100 runs. In addition, such results were visualized and compared to the existing wetland nature reserve network.
RESULTS

SDM and identification of presence patterns of fish species
In total, the occurrence probability patterns of 142 species were successfully predicted by Maxent (Phillips et al., 2006 (Phillips et al., , 2004 (Table S1 ). Finally, presence patterns of the 142 successful modeled species were adjusted based on the rules described in Methods. Figure 1 shows the occurrence probability patterns predicted by Maxent and the finally acknowledged presence patterns of six of those fish species. 
Selection frequency
Marxan was carried out with distribution information of 153 fish species, including 142 fish species whose distributions were predicted by SDM and subsequent processing, and 11 fish species whose distributions were directly designated according to literatures and advice from experts (see Methods) . Upon recording the selection frequencies of the 2,321 PUs in the 100 Marxan solutions (Figure 2 ), 159 PUs were found to have selection frequencies equal to or larger than 80, comprising only 8.6% of all the PUs that were selected at least once in the 100 solutions. Of the 159 frequently selected PUs, 49 (30.8%) are PUs of fish reserves artificially locked in the solutions, 23 (14.5%) are PUs of wetland nature reserves for other objects, and the remaining 87 (54.7%) PUs are out of the existing wetland nature reserve network.
Best solution
The 549 PUs designated in the best solution are widely distributed in the whole MLYRB, comprising 23.7% of all the PUs (Figure 3 ). Among the 549 PUs, 49 (8.9%) are PUs of existing fish reserves, 70 (12.8%) are PUs of wetland nature reserves for other protection objects, and 430 (78.3%) are PUs not turned into wetland nature reserves.
DISCUSSION
Conservation gaps for fish species in existing wetland nature reserve network We obtained the distribution selection frequency of PUs and the best solution. From the two aspects, the conservation gaps for fish species are obvious. Selection frequency is considered as "irreplaceability" for a PU (Game and Grantham, 2008) , indicating the unlikelihood of a PU being replaced in different solutions. Thus, an area with a high selection frequency is, to some extent, an important area for protection. In our study, up to 54.7% of the frequently selected PUs (selection frequency80) are not included in the existing wetland nature reserve network. Though an efficient reserve network does not necessarily include all of those important areas, the fact that more than half of the important areas for fish protection are not protected reflects the significant conservation gaps for fish species.
The best solution is a typical representative of fish reserve networks with representativeness, persistence, and efficiency in the MLYRB. With reference to the best solution, PUs of existing fish reserves constitute only 8.9% of all the PUs in the solution, indicating that there are obvious gaps for establishing a fish reserve network. The PUs of wetland nature reserves for other protection objects account for 12.8%, indicating that they will be able to play a role in the fish reserve network if the function of fish conservation is added to them. However, a high proportion (78.3%) of the PUs is not of wetland nature reserves. This indicates that a considerable number of additional reserves should be established to constitute a scientific fish reserve network.
These conservation gaps of fishes in turn reflect the importance of carrying out fish reserve network planning in MLYRB.
Solution flexibility
Marxan aims to find an optimal solution by minimizing an objective function (see Methods), so all 100 solutions obtained had small objective function values, and the best solution is the one with the minimum value. Among the 100 solutions only a small number (8.6%) of PUs are highly preferred (frequency80), including those PUs artificially locked in solutions when running Marxan (existing fish nature reserves). This suggests that most of the PUs selected in the 100 runs have a relatively low selection frequency. In addition, to some extent, it indicates that when generating a solution with a small value of the Marxan objective func- tion, there is great flexibility for replacing the selected PUs, and such solution flexibility facilitates its implementation in reality in case of unexpected obstacles. Assuming the best solution was applied at the beginning, once some of the designated PUs are required for other usage, we could choose other PUs instead without a significant increment of cost or segmentation of the whole reserve network.
The best solution is the optimal choice based on the current data and calculation, though it might be adjusted due to unforeseen circumstances. We suggest establishing a fish reserve network in the MLYRB on the basis of the best solution first. With growing information in the future, the applied solution could be re-examined and re-adjusted. We suggest that reserve construction in PUs with high selection frequency should take precedence. The reason is that they are not likely to be replaced if the applied solution should be adjusted halfway.
A feasible management framework
Considering the implementation of the solution, there are two problems that arise: (i) from a regional-scale perspective, the PUs designated in the best solution account for 23.7% of all the PUs, suggesting that the area proportion of the suggested fish reserve network in the MLYRB probably exceeds that of all nature reserves national wide (15%) (http://sts.mep.gov.cn); (ii) from a local-scale perspective, the ranges of reserves based on PUs include not only fresh waters but also terrestrial areas, and the scale of a single PU or cluster of PUs is larger than that of a regular wetland nature reserve (the average area of a PU in our study is 315 km 2 while that of a wetland nature reserve in MLYRB is 158 km 2 ). Consequently, it is unrealistic to set all the suggested PUs or PU clusters as strict nature reserves.
Thus, we suggest adopting the freshwater management framework of Abell et al. (2007) with some modification in the implementation of the reserve network. First, an individual PU or a cluster of PUs included in our reserve network were seen as a catchment management zone, within which catchment-scaled management approaches would be applied, such as maintaining riparian buffers of appropriate widths along all streams and restricting the use of pesticides and fertilizers. Such catchment management zones would be seen as non-strict protected areas, in which a certain degree of human activity is allowed. Second, within catchment management zones, freshwater focal areas, which cover important freshwater habitats for fish species to spawn, grow, or forage, should be further identified. Strict nature reserves should be located in such "freshwater focal areas" where human activities are strictly forbidden. Third, critical management zones should be identified, which is essential to maintain the function of freshwater focal areas. For instance, a critical management zone could be a river which serves as a migration corridor for fishes from one freshwater focal area to another. Such areas could be appointed as strict or non-strict reserves depending on specific conditions.
At present, the development of nature reserves in China is at a conjuncture from number increase to quality improvement. Considering quality improvement, strengthening management of each nature reserve to enhance effectiveness is the main way from the perspective of local effort, and scientifically establishing the nature reserve network is the key of regional or national effort. With regard to freshwater conservation, there are pressing needs to fill the conservation gaps of fishes by readjusting the structure of the fish reserve network. Thus, though there might be some uncertainties and limitations, our reserve network planning provides a reference for future development of fish reserves in MLYRB. Currently, regional conservation planning using SCP approaches is just unfolding in China (Zhang et al., 2015) . Since the series of methods applied in our study (described below) are feasible and practical under the conditions in China, they could provide valuable references in future studies of reserve network planning in China.
METHODS
Fishes sample data
The list of fishes in the MLYRB was summarized based on more than 100 journal articles (nearly all) on the themes of "fish diversity", "species composition of fish community", or "fishery resources", which were extracted from the China National Knowledge Infrastructure (CNKI) by late 2013 and scientific investigation reports of some nature reserves within the region. The study by Fu et al. (2003) served as an important reference to cross-reference the list. The taxonomy of fishes was verified according to FishBase (www. fishbase.org), Fauna Sinica (Chen Y.Y. et al., 1998; Chu et al., 1999; Yue P.Q. et al., 2000; Zhang, 2001) , and the latest literatures on the theme of fish taxonomy. In total, 335 species (or subspecies) were recorded in the above sources. Based on the distribution range, habitat requirements and lifecycles, typical fish species living in freshwater habitats of MLYRB were defined as follows: (i) freshwater fishes endemic to the MLYRB; and (ii) freshwater fishes or migratory fishes that have the MLYRB serving as an important part of their distribution range. These fishes were screened out for use in later planning. Estuarine fishes, exotic fishes, fishes that were distributed but now are extinct in the MLYRB, and fishes with the MLYRB only bordering the edge of their distribution range were excluded. In total, 190 species were selected for our planning at the beginning.
Sample data of the 190 species were collected from the following three sources: (i) more than 100 journal articles and scientific investigation reports of the nature reserves mentioned above; (ii) literatures providing the sample locations of fish species collected by searching CNKI with the name of each fish species; and (iii) Fauna Sinica (Chen Y.Y. et al., 1998; Chu et al., 1999; Yue P.Q. et al., 2000; Zhang, 2001) Mao and Xu, 1991; Ni and Wu, 2006; Yang, 1988) . Sample locations were digitalized in ArcGIS 10.1 (ESRI, 2012) . Among the 190 species, continuous distribution patterns of 179 species were to be created through species distribution modeling (SDM) and subsequent processing. The remaining 11 were narrow-distributed species or species with clear distribution ranges, whose presence sites were designated according to descriptions in literature and advice from experts.
Hydrological framework
According to Linke et al. (2008) and Heiner et al. (2011) , the freshwater network and the watershed hierarchy were created from the STRM-90 Digital Elevation Model (DEM, http://srtm.csi.cgiar.org) using ArcHydro 10.1 (Maidment, 2002) built in ArcGIS 10.1 (ESRI, 2012) . To create a framework with a fine resolution that remains coarse enough to fit fish sample data, the freshwater network was delineated by streams with catchment areas larger than 200 km 2 . Every sub-catchment associated with a stream segment under the framework was used as a planning unit (PU). The following hierarchy pattern was delineated according to the framework developed by Higgins et al. (2005) . Tier I: zoogeographic unit, including the whole MLYRB. Tier II: ecological drainage units (EDUs) were defined as traditionally designated sub-watersheds of the Yangtze River basin nested within the Zoogeographic Unit (Changjiang Hydrological Committee of Hydrology Ministry, 1999) (Figure 4) , namely, the Han River basin, the Dongting Lake basin, the Poyang Lake basin, the Tai Lake basin, the basin of the middle Yangtze River mainstream, and the basin of the lower Yangtze River mainstream. Tier III: aquatic ecosystems (AEs) were even smaller units nested within the EDUs. AEs were defined as sub-catchments of the stream segments, and each AE is a PU (Figure 4 ). In total, 2,321 PUs were created with a mean area of 315 km 2 . We did not use stream segments as PUs, for not all sample sites of fishes obtained from existing historical literature were located right on the streams (drainage lines) that we created.
SDM and identification of presence patterns of fish species
SDMs were used to create a continuous distribution pattern of fish species. According to Esselman and Allan (2011) , SDMs were carried out with Maxent (Phillips et al., 2006 (Phillips et al., , 2004 . Maxent requires only species presence-only data and performs well with small sample sizes (Phillips et al., 2006 (Phillips et al., , 2004 . According to some studies on fishes (Esselman and Allan, 2011; Hermoso et al., 2011b; Moilanen et al., 2008) , a series of independent variables were chosen, and their values were homogenized within each PU (Table 1) . Then, values of all the variables were standardized across the planning region. According to Esselman and Allan (2011) and Linke et al. (2008) , overfitting was reduced by two methods. First, species with less than 10 sample sites in our database (Table S1 ) were removed. Second, a principal component analysis (PCA) was carried out to reduce the number of variables from 21 to seven (Table 2) .
We adopted the default parameters of Maxent (Phillips et al., 2006) and the following customized settings: application of random seed and 20% of the localities used as test data. Modeling of a species was seen as successful if both of its training and test area under receiver-operating characteristic curve (AUC) value were equal to or above 0.75. Otherwise, it would be a failure and the corresponding species would be removed in the following steps (Table S1 ). The outputs of Maxent were maps of continuous probability (from zero to one) of species occurrence. Figure 4 Hydrological framework of the planning. The middle and lower reaches of the Yangtze River basin is defined as a single Zoogeographic Unit and is divided into six Ecological Drainage Units (EDUs). Aquatic Ecosystems (AEs) are nested within EDUs and each AE is used as a PU in the present study. a) These datasets were provided by the Environmental and Ecological Science Data Center for West China, National Natural Science Foundation of China (http://westdc.westgis.ac.cn). b) Some sub-catchments are located in estuarine areas, and the hydrological paths between those sub-catchments and lakes flow through salty or brackish waters. Since most fish species in this study are freshwater species and could not migrate from those sub-catchments to lakes through salty or brackish waters, we assumed that those sub-catchments are not connected with lakes. In the calculation, a high value of the parameter "hydro distance to nearest lake (km)" (about 1.5 times of the maximum value for other sub-catchments) was set for those sub-catchments. a) Variables that were used for modeling are identified in bold. Loadings on PC axes are given in brackets. b) Since the variable "total surface area of lakes overlapping with the PU" had been selected based on PC5, the variable "proportion of cambisols", which had the second highest loadings on PC7, was selected here.
The occurrence probability would be converted into a binary pattern representing the presence/absence of the species. To make sure the PUs that were appointed as species-present PUs could have a higher probability of species occurrence, the presence/absence threshold was set as follows: for each species, 80% of its training points with the highest probability of species occurrence were selected; next, the minimum probability value of these training points was used as the threshold. Then, PUs with an occurrence probability higher than the threshold were appointed as the potential distribution units (PDUs) of the species.
SDMs identified PDUs of species according to ecological factors in our study. However, as the distribution ranges of many species might cover only part of the MLYRB, namely certain PDUs of some species predicted by SDMs might be located outside their actual distribution ranges, such false-positive presence PUs should be removed.
The delineation of a hydrological framework provided a framework to delineate the distribution range of fishes in the MLYRB. We made an assumption that for each fish species, all its individuals could swim among all its habitats in the basin through watercourses (Bennett, 1998) , thus maintaining its current distribution pattern. Therefore, the distribution range of a species should cover all the paths through which its population migrates among all of its habitats. Since the sample sites collected reflect our best knowledge of the occurrence locations of each species, the species' distribution ranges were delineated as follows: for any species, the confluence of all streams running through one or more PUs containing its sample sites was determined. The whole catchment of the said confluence constituted the smallest watershed that covered all the paths through which its individuals migrate among all the sample sites. Therefore, the whole catchment of the confluence was defined as the potential distribution watershed (PDW) of that species ( Figure 5A ). In addition, we noticed that for some fish species, the PDW's range was large and covered many EDUs, but the sample sites and the distribution ranges described in literatures were only concentrated in several of these EDUs. Consequently, we further defined that only an EDU containing at least one sample site of a species could be seen as its potential distribution EDU (hereinafter referred to as "PDEDU") ( Figure 5B ). Thus, for the PDUs of a species predicted by SDM, only those located within the overlap between its PDW and PDEDUs were seen as species-present PUs. Then, the adjusted presence patterns of all species were used in a Marxan analysis.
Marxan conservation planning
Marxan (Ball et al., 2009; Game and Grantham, 2008 ) was used to carry out reserve network planning. Given the distribution data and representation targets of conservation features (e.g. species), Marxan aims to find an optimal solution (a reserve network) by minimizing an objective function on the basis that representation targets are met (Equation 1). The objective function equals the sum of "conservation feature penalties", "boundary length penalties", and "cost":
where Cost  means the total cost of selected PUs in the solution.
 BLM Boundary means the total boundary length penalties, which represents the total boundary length of the solution. The boundary length modifier (BLM) adds weighted importance relative to the other components of the objective. And   CFPF Penalty means the total conservation feature penalties, which are the penalties for not adequately representing conservation features (representation targets are not met). The conservation feature penalty factor (CFPF) adds weighted importance relative to the other components of the objective.
In seeking a minimum objective function, Marxan promotes the minimization of the above three components. The minimization of total cost reflects efficiency, the minimization of total conservation feature penalties insures the adequate representation of conservation features (which reflects representativeness and persistence), and the minimization of total boundary length penalties reduces the fragmentation of the reserve network (which reflects persistence).
In our study, the run mode of Marxan was set as simulated annealing followed by iterative improvement. In the simulated annealing algorithm, the number of iterations was set as 1,000,000, and the number of temperature decreases was 10,000 for each run (default settings). Considering the objectives of representativeness, persistence, and efficiency, input data and parameters were set as follows.
(i) Conservation features and representation target. Species with successful SDMs and species with presence sites ("presence PUs") designated were used in our SCP. We set representation targets for each species in each EDU separately. Different representation targets were set for fish species according to their protection urgency and endemism. Protection urgency of a species was quantified with the urgency index (UI) average Endemism Index, number of presence PUs
where DI means the disturbance index of a PU (see below and Table 3 for further details and calculation of DI), average DI means the average DI of presence PUs of the species. When the species was endemic to the MLYLB, the Endemism Index was two, otherwise it was one. According to our calculation, a larger UI of a species indicate its greater demand for protection. With the UIs of all the species calculated, 20% of the species with the largest UI values were listed as key protection objects and assigned with a representation target of 30%, which means 30% of their presence PUs in each EDU should be involved in the solution. Besides key protection objects, all the endemic species of the MLYRB were also assigned with a representation target of 30% since endemic species were of higher conservation value. Then, all the remaining species were assigned with a target of 20%. As treated separately during target setting, the same fish species in different EDUs were regarded as independent conservation features. (ii) Existing nature reserves. We considered only national and provincial freshwater nature reserves here. The list of freshwater protected areas was summarized from the "List of Nature Reserves of China (2012)" (http://sts.mep. gov.cn). The original drafts of those reserves were collected from institutions of reserves, government websites, literatures, public documents of governments, and the World Database on Protected Areas (http://www.unep-wcmc.org/ wdpa). All the drafts of the reserves were digitalized in ArcGIS 10.1 (ESRI, 2012) . Due to the presence of eight national and provincial wetland nature reserves (including two fish reserves) in Poyang Lake, some overlapping occurred as described in government documents, and given that the drafts of most of them were unavailable, we regarded the whole lake as an existing wetland and fish reserve. Since the boundaries of wetland nature reserves were not consistent with those of PUs, we designated "PUs of nature reserves" according to the overlap between reserves and PUs. In Marxan, those PUs of freshwater nature reserves for non-fish wildlife or ecosystem were included in the initial reserve system, regardless of whether they took part in the final solution; and those PUs of fish reserves were locked in the initial reserve system and could not be removed.
(iii) Conservation feature penalties. The CFPF of all conservation features was set to a high value (100), so that the targets of all conservation features could be met in every scenario.
(iv) Cost of PUs. DI was used to represent cost in Marxan, so that PUs with fewer human disturbances would be preferred in site selection. According to the main sources of human disturbance on freshwater, the DI of each PU was calculated based on nine variables of disturbances, including hydrological changes, water pollution, and human development pressures (Table 3) . Values of the variables were standardized (rescaled to values from zero to one). Initial DI of a PU equals to the sum of all standardized variables multiplied by their weight coefficients, which roughly quantified our estimates of the relative influence of each variable on ecological conditions. Since reserves can protect environmental processes needed to sustain freshwater ecosystems, we included the reserve status as a positive attribute in the calculation of the final accepted DI
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Initial
(1 0.5 Proportion of nature reserve areas).
(v) Connectivity penalties. Connectivity between PUs through hydrological pathways (longitudinal connectivity) was taken into account by modifying the "boundary length penalty" to the "connectivity penalty" in Marxan in accordance with Hermoso et al. (Hermoso et al., 2012 (Hermoso et al., , 2011b . Under this penalty rule, a penalty applies when the upstream or downstream connections of selected PUs were not included in the solution. This approach avoided the selection of isolated PUs and forced the inclusion of hydrologically closer PUs. For each selected PU, when closer upstream or downstream PUs were excluded from the solution, it would lead to a higher penalty (Penalty=1/distance in km) as opposed to when distant PUs were excluded. Considering the attenuation effects, for each PU, only the penalties of excluding the 10 nearest downstream PUs and the 10 nearest PUs in each upstream route were considered to reduce the amount of calculation. The emphasis placed on connectivity was adjusted using a connectivity penalty factor (CPF).
By this time, all data were inputted and all parameters were set, except for the connectivity penalty factor (CPF). To find an appropriate CPF that balanced the weight of the total connectivity penalty with that of the total cost of a solution, the following sensitivity analysis was carried out: Marxan was run in 10 scenarios with different CPFs (0, 0.01, 0.025, 0.05, 0.1, 0.25, 0.5, 1, 2.5, and 5) respectively, each for 100 runs. The mean total connectivity penalty and the mean total cost of solutions of these scenarios were compared. As the CPF increases, a decrease in the ratio of the total connectivity penalty to the total cost of PU could be found. When the CPF equals 0.25, both the total connectivity penalty and the total cost are kept at a relatively low value ( Figure 6 ). This indicates that there is a significant gain for the reserve configuration in longitudinal aggregation while the total cost is kept low. Thus, 0.25 was selected as the appropriate value of the CPF.
Under the scenario using the selected CPF, we obtained the following results of our planning: the selection frequency of each PU in the 100 runs and the best solution of the 100 runs (which had the minimum objective function value). In addition, such results were visualized using figures and compared to the existing wetland nature reserve network.
Discussion of methods
Imperfect but practical approaches of creating the fish distribution pattern
In this study, we collected spatial distribution information of the fish species through an extensive literature investigation, and gained presence/absence data of many species through SDMs and subsequent processing. Similar method has been applied in a large-scale research on amphibian conservation in China (Chen, 2013) , and our study provides a specific approach to studies on fishes.
SDM is a reasonable approach to address data deficiency, which generalize the empirical relationships between the occurrences of species and the underlying habitat conditions to predict the probability of species occurrence or abundance within a given region (Guisan and Zimmermann, 2000) . Environmental variables we used here are according to other SCPs for fishes (Esselman and Allan, 2011; Hermoso et al., 2011b; Moilanen et al., 2008) . The outputs of our modelings demonstrated that these variables performed well, with the AUC values for 92.8% modelings higher than 0.75.
Since biases usually exist in sample datasets, the outputs of the SDMs should be interpreted conservatively (Esselman and Allan, 2011) . In our study, the high threshold of AUC (0.75) ensured that only species with well-performing modeling could be considered. Moreover, for any species, Figure 6 Trade-offs between the total connectivity penalty and the total cost (which are both mean values of 100 solutions) for different values of the connectivity penalty factor (CPF). When the CPF equals 0.25, both the total connectivity penalty and the total cost were kept at a relatively low value.
80% of its training points with the highest probability of species occurrence were selected and the minimum probability value of these training points was used as the presence/absence threshold. Though it was subjective, it made sure that the predicted PDUs (and accepted presence PUs) of each species had a high probability of species occurrence.
We identified the distribution ranges of fish species based on the PDW and PDEDU both of which are delineated based on hydrological boundaries. In practice, it is more "objective" to predict species distribution ranges directly through SDM by using geographical variables, such as x and y coordinates, as environmental variables. However, the dispersion of freshwater fish and some other aquatics are strictly limited by hydrological barriers. Though many of them exhibit inter-watershed distribution caused by physiographic changes of land or occasional anastomosing of river systems during flood seasons throughout history (Loxterman and Keeley, 2012; Miller, 1966) , they cannot naturally disperse across current hydrological barriers. Thus, it might be more appropriate to delineate distribution ranges of these taxa according to hydrological boundaries rather than predict them by using geographical variables in SDM.
Nevertheless, there are still some uncertainties lying in our approach determining the distribution range of fish species. First, the identified distribution ranges of fishes are strictly dependent on the distribution of sample sites. For any fish species, once a new sample site is found outside its previously delineated PDW or PDEDU, its distribution range should be readjusted. Second, the distribution of some fish species across hydrological barriers might result from occasional river separation caused by physiographic changes in history rather than natural dispersion through watercourses, so their populations on different sides of hydrological barriers (such as mountain ranges) are probably isolated. That means the concept of PDW might be unsuited for these species.
In addition, species sample data used here are derived from a comprehensive literature survey with publish dates spanning over four decades . During this period, the wetlands in MLYRB had experienced severe disturbances (Chen et al., 1997; Dudgeon, 2010; Huang and Chen, 2010; Yang et al., 2007) . Under those disturbances, some freshwater fishes might become locally extinct because of habitat destruction. In our study, since the species sample data may include samples recorded temporally before such extensive disturbances, the data and the results of SDM may not reflect the current distribution patterns of species under disturbances. For any species, if the PUs where it has become locally extinct is still treated as PUs present in SCP, we might actually fail to meet its representation targets with the solution (Hermoso et al., 2011a) . Thus, the results of our planning still have some uncertainties as regard to representativeness.
Furthermore, though referring to former studies, rationality of applying default parameters of Maxent and using PCA to reduce the variables in SDMs is still to be further studied.
Negotiable but appropriate setting of parameters in Marxan
Marxan is a powerful program for the design of the reserve network, which enables us to consider multiple factors in freshwater SCPs to achieve representativeness, persistence, and efficiency. In our study, on the basis of meeting the representation targets of fish species, cost, habitat condition, connectivity, and existing wetland nature reserves were all considered, which provided necessary information for taking into account persistence and efficiency. However, it should be noted that the results of planning would be sensitive to input data and parameter settings. Changes to input data or parameters would lead to different results. Consequently, though we tried our best to collect and use comprehensive input data and set appropriate parameters, uncertainties in the results would still occur due to data or information updates.
In many studies, the representation targets of protection objects were set as 10%, 12%, 15% or above (Margules and Sarkar, 2007) , however, Soulé and Sanjayan (1998) believed that the protection target of 10% or 12% was far from enough for many species. Therefore, we set relatively high representation targets for fishes in this planning so as to ensure adequacy for fish conservation. We set even higher representation targets for fishes with higher protection urgency and all fishes endemic to the MLYRB. To a certain extent, our methods took into account the different conservation needs among species. However, in terms of representativeness and persistence (Margules and Sarkar, 2007; Margules and Pressey, 2000) , setting appropriate targets for all the fish species is dependent on an in-depth understanding of species' conservation needs, which relies on species-specific research. Thus, setting more reasonable representation targets still requires more theoretical support.
We did not use the economic cost of land as cost in Marxan because these costs are difficult to evaluate especially in the social background of China (Zhang et al., 2010) . Instead, DI was used as the surrogate of cost to make PUs with fewer human disturbances more preferred in site selection, which led to a reserve network with better natural conditions. From another perspective, however, the total cost of the PUs in our planning could also reflect economic cost. First, the total cost equaled to the sum of DI of all PUs. Thus, it could reflect the cumulative number of the PUs to some extent, which represented the total costs of wetland acquisition. Second, DI could also reflect economic factors. The reason is that the more serious the disturbances are, the higher cost the management and rehabilitation would be to reduce or eliminate such disturbances.
In the calculation of DI, the nine surrogates of human disturbances used (Table 3 ) might represent the main sources of human disturbance on freshwater wetland in the MLYRB. However, some other sources of disturbance in this region have impacted the fishes, such as overfishing and invasion of alien species (Cao, 2009; Huang and Chen, 2010; Wang et al., 2004; Yang et al., 2007) . Moreover, we did not involve the accumulation of disturbances through drainage direction (Esselman and Allan, 2011) and the impact of climate changes on freshwater ecosystems (Huang and Chen, 2012a) . In future planning, these issues should be taken into account.
For freshwater SCP, longitudinal connectivity is an important issue to concern and also a specific challenge which distinguishes freshwater SCP from terrestrial SCP (Pringle, 2001) . With the Marxan platform, we adopted the approach introduced by (Hermoso et al., 2012 (Hermoso et al., , 2011b to avoid the selection of isolated PUs and force the inclusion of PUs that are hydrologically closer. By doing so, selected PUs in solutions tended to be hydrologically connected or clustered, which offered "larger single reserves" for fishes. Nevertheless, we ignored the effects of vertical connectivity. The exchanges of surface water and ground water, which is regarded as vertical connectivity, would affect the fishes' habitat by changing the depth and area of the water body. Therefore, it is more reasonable to consider this connectivity further.
In the process of site selection, we locked existing fish reserves in the solution. It was a routine step in SCP to save cost. We further include non-fish wetland nature reserves in the initial reserve system before running Marxan, thus giving selection priority to these nature reserves relative to other areas. Although those nature reserves are not specialized in fish protection, adding the function of fish protection to existing wetland nature reserves is a method of less cost and higher feasibility compared to transforming land and water in other status into reserves.
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